The Gaching high-sulfidation (HS) epithermal Au-Ag deposits, part of the Maletoyvayam ore field, which is located in the volcanic belts of the Kamchatka Peninsula (Russia). The main ore components are native gold, tellurides, selenides, and sulphoselenotellurides of Au and oxidation products of Au-tellurides. This study examines the different types of native gold in this ore deposit and the mechanisms and sequential transformation of calaverite (AuTe 2 ) into mustard gold. The primary high fineness gold (964% -978% ) intergrown with maletoyvayamite Au 3 Te 6 Se 4 and other unnamed phases (AuSe, Au(Te,Se)) differ from the secondary (mustard) gold in terms of fineness (1000% ) and texture. Primary gold is homogeneous, whereas mustard is spongy. Two types of mustard gold were identified: (a) Mixtures of Fe-Sb(Te,Se,S) oxides and fine gold particles, which formed during the hypogenic transformation stage of calaverite due to the impact of hydrothermal fluids, and (b) spotted and colloform gold consisting of aggregates of gold particles in a goethite/hydrogoethite matrix. This formed during the hypergenic transformation stage. Selenides and sulphoselenotellurides of gold did not undergo oxidation. Pseudomorphic replacement of calaverite by Au-Sb(Te,Se,S,As) oxides was also observed.
Introduction
One of the fundamental tasks in the study of the epithermal deposits is identifying the mechanisms of gold formation. The traditional gravity method can sometimes give negative results in the identifying of the cause of the high Au concentrations. Occasionally sample analyses show high concentrations of Au, while the presence of visible gold is absent or is only represented by single grains where the amount of Au is not capable the providing such high concentrations. It appears that the finest fraction (<0.06 mm) is the most enriched in Au, which is almost beyond visible detection. The high concentrations of Au in the hypergenesis zones of epithermal deposits is due to the presence of so-called mustard gold, which is difficult to detect.
The term "mustard gold" was introduced by W. Lindgren [1] . Typical features of mustard gold are low reflectivity, porous or colloform texture, and rusty, reddish, orange-red, and brown-yellow colors in reflected light. Mustard gold is easily scattered during crushing and the resulting fine powdered fraction may become progressively enriched in gold. Mustard gold was previously studied by numerous deposits [9, 10] and antimony-gold deposits [11, 12] . Mustard gold was also documented in the Ozernovskoye and Aginskoye deposits (Kamchatka) as rims surrounding primary Au tellurides or as micro-veinlets in the altered matrix [4, 6] . These deposits belong to the alunite-quartz group of the gold-silver deposits ( Figure 1 ) and are associated with metasomatic rocks (secondary quartzites) that are confined to the volcanic centers of volcanic-tectonic structures within the Vetrovayam volcanic zone. Mustard gold is formed due to the oxidation of primary Au minerals and is the result of exposure to acidic solutions leaching tellurium or their transformation into tellurates [2, 3] . This replacement may take place under hydrothermal conditions, such as during the late-stages of ore deposit formation [5] . The development of microporous gold indicates that the deposits may have experienced overprint after mineralization [13] . Mustard gold is heterogeneous and represented by multiphase aggregates consisting of two, three, or more phases, which differ in their chemical composition. Typomorphic elements in these compounds within the pores of mustard gold include Sb, Te, Pb, Fe, Cu, Ag, Hg, and others, which are dependent on the composition of the primary mineral assemblage of the deposit. Mustard gold intergrowths with Au-sulfoselenotellurides, sulfosalts (tetrahedrite, goldfieldite), and the products of oxidation of Au-tellurides from the Gaching deposit of the Maletoyvayam ore field in the volcanic belts of the Kamchatka Peninsula ( Figure 1 ) are presented in this study [14] .
This study presents detailed textural descriptions, chemical compositions and reconstructs the sequence of replacement of primary minerals in order to understand its origin. Our research shows a sequential transformation of the primary mineralization, which is represented by calaverite to mustard gold. Figure 1 . Volcanic belts of the Kamchatka Peninsula [15] , the tectonic scheme of the Vetrovayam volcanic zone [16] and location of Maletovvayam ore field on the base [17] (reproduced with permission from reference [14] ). [15] , the tectonic scheme of the Vetrovayam volcanic zone [16] and location of Maletovvayam ore field on the base [17] (reproduced with permission from reference [14] ).
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Materials and Methods
The studied grains of Au-minerals were obtained by crushing mineralized rocks and panning the resulting material into a heavy fraction using hydroseparation, followed by concentration in the heavy liquid. Mustard gold was found in polished sections made from the heavy mineral concentrate, which was obtained from a 20-kilogram sample of alunite-quartz rock. The chemical compositions of the minerals, mineral aggregate textures, and separated grains were examined at the Analytical Center for Multi-Elemental and Isotope Research at the VS Sobolev Institute of Geology and Mineralogy SB RAS in Novosibirsk (Russia) using a LEO-413VP scanning electron microscope (SEM) with INCA Energy 350 microanalysis system (Oxford Instruments Ltd., Abingdon, UK) equipped with EDS (analysts Dr. N. Karmanov, M. Khlestov, and V. Danilovskaya), operating at an accelerating voltage of 20 kV, beam current of 0.4 nA, 50 s measuring time, and beam diameter of~1 µm. The following standards were used: Pure substances (Ag, Au, Bi, Se, Sb, Fe, and Cu), pyrite (S), synthetic HgTe (Te), and sperrylite (As). The detection limit was 0.02%. The following X-ray lines were selected: Lα for Ag, Te, As, Sb, and Se; Kα for S, Fe, Cu, and O; and Mα for Au and Bi. All the compositions of minerals in this study were performed using an EDS spectrometer. A compositional comparison Au-Te-Se-S minerals determined by the EDS and WDS methods is presented in a previous study [14] , which shows their complete convergence.
Results

Types of Mustard Gold
Previous studies of the Gaching ore deposit that refer to the epithermal Au-Ag high-sulfidation (HS) type have identified native gold, barite, anglesite, quartz, pyrite, Au-telluride (Se-bearing calaverite), Au-sulphoselenotellurides, sulphosalts (tetrahedrite, goldfieldite, tennantite), and other rare minerals (famatinite, enargite, watanabeite, senarmontite, tripuhyite, rooseveltite, tiemanite, antimonsilite, and guanajuatite) in heavy fractions [14] . Over 200 grains of Au-Te-Se-S compounds were additionally extracted from the ore to obtain new data.
The studied grains of primary Au-Ag alloys (10-50 µm in size) are always found as intergrowths with sulfosalts or unique unnamed phases of the Au-Te-Se-S system that are potentially new minerals with unique compositions: Au 3 Te 6 (Se,S) 4 , Au 2 Te 4 (Se,S) 3 , AuSe, Au 2 TeSe, and other (Figure 2a ,b) [14, 18] . One of these minerals, Au 3 Te 6 Se 4 , was recently approved by a commission on new minerals and named maletoyvayamite [19] . The possibility of natural occurrences of compounds of Te, Se, and S and Ag was previously shown in the Prasolovskoye deposit on Kunashir Island [3, 20] .
Primary gold in the Gaching deposit occurs in high grades and Ag does not exceed 2.5 wt. % [14] . In the studied samples ( Figure 2 ), Ag-content varied in range 1.47-1.98 wt. % (Tables 1 and 2) . Neither primary gold, nor these compounds undergo replacement or oxidation during hypogene processes. It should be noted that direct intergrowths of primary gold with calaverite (AuTe 2 ) or mustard gold was not found. Primary gold (Au-Ag alloys) in the Gaching deposit accounts for no more than 5% when the porous gold reaches up to 60% of the amount of the Au-bearing minerals in the ore assemblage. Mustard gold exhibited more yellowish, reddish, and brown colors in reflected light ( Figure 3 ) when compared to primary gold ( Figure 3c ) and porous texture gold, as observed in the other deposits worldwide. Irregular grains of mustard gold are between 10 and 60 µm in size and exhibited spongy textures, which were either empty or imbedded with microscopic inclusions in the pore spacings ( Figure 4 ), similar to mustard gold from the Dongping Au-Te deposit [9, 10, 13] . Mustard gold varied from microporous (i.e., spongy) to colloform and zoned. However, microporous aggregates of gold Minerals 2019, 9, 489 4 of 18 filled by compounds of Fe, Sb, Te, As, Bi, and S with oxygen (antimonate/tellurate of iron; Figure 4 ) were prevalent. The contents of these compounds in microporous gold were due to the weathering of minerals (mainly sulfosalts). The presence of Ag in these compounds was likely due to inheritance from primary calaverite. At this stage of mustard gold formation, Ag is a minor element that enters oxides, since analyses of larger fragments of secondary mustard gold showed the complete absence of Ag in its composition (Table 3) , sample d_9-6). Analyses of these compounds mixed with gold particles are presented in Table 3 . The types of mustard gold were identified by contents of various antimonate/tellurate/hydroxides in the submicroscopic pores of the mustard gold aggregate. As shown in Table 1 , all elements showed great compositional variation. The oxygen concentration also changed due to (1) different degrees of oxidation of the primary products, and (2) different ratios of secondary gold and Fe-Sb(Te,As,Bi,S) oxide. Due to the microscopic size of the particles, it is difficult to determine whether Au belongs to the native reduced form of mustard gold, or is still is part of the complex oxides as it suggested by [14] . This type of mustard gold was often associated with iron antimonates and antimonites, such as tripuhyite Fe 2+ Sb 5+ 2 O 6 or Fe 3+ Sb 5+ O 4 [21] ( Figure 4d ). If Au and Ag were assumed to belong to the native phase, then the total of the remaining elements ( Table 4 ) had variable ratios forming a trend towards iron oxides/hydroxides, which was most likely limonite ( Figure 5 ). These compounds were the products of the successive oxidation of tripuhyite. particles, it is difficult to determine whether Au belongs to the native reduced form of mustard gold, or is still is part of the complex oxides as it suggested by [14] . This type of mustard gold was often associated with iron antimonates and antimonites, such as tripuhyite Fe 2+ Sb 5+ 2O6 or Fe 3+ Sb 5+ O4 [21] ( Figure 4d ). If Au and Ag were assumed to belong to the native phase, then the total of the remaining elements ( Table 4 ) had variable ratios forming a trend towards iron oxides/hydroxides, which was most likely limonite ( Figure 5 ). These compounds were the products of the successive oxidation of tripuhyite. Table 3 . d_9-6 spot 3 (FeSbO4)tripuhyite. The purple square is scan of analytical area. Table 3 . d_9-6 spot 3 (FeSbO 4 )-tripuhyite. The purple square is scan of analytical area. Figure 4 and Table 4 . FeSbO4 and FeSb2O6 are tripuhyite [21] . The blue circles are analytical data, the red square is stoichiometric composition of minerals. Figure 4 and Table 4 . FeSbO 4 and FeSb 2 O 6 are tripuhyite [21] . The blue circles are analytical data, the red square is stoichiometric composition of minerals.
Less commonly, mustard gold of the Gaching deposit occurred as close intergrowths with goethite/hydrogoethite/limonite, forming different colloform and spotted textures (Figure 6a,b) . Goethite also sometimes formed a rims on mustard gold microaggregates (Figure 6c,d) . Mustard gold was high fineness in this case and did not contain Ag. The presence of iron in the gold was the result of the imposition of Fe hydroxides during the analytical procedure ( Table 5 ). Association of secondary gold and Fe hydroxides was the final oxidation product of the studied parageneses. Secondary high fineness gold in association with supergene minerals, including goethite, has been described in Au-bearing regolith in deposits in Kazakhstan [22] , where the secondary gold is not the mustard species, but has a crystal shape and different genesis. Table 5 . The purple square is scan analytical area. Table 5 . The purple square is scan analytical area.
Transformation Sequence from Calaverite to Gold
In addition Au-Te-Se-S system minerals and gold (primary and mustard), multicomponent grains were found that show the individual stages of the formation of mustard gold from calaverite (Figure 7) . These grains had a vermicular texture, where secondary Fe-Sb-Te oxides with worm-like shapes developed in a matrix of calaverite. The smallest particles of gold were deposited in the marginal zones of these oxides (Figure 7 , Table 6 ). All compositions of AuTe 2 relate to calaverite, since the concentration of Ag in these minerals did not exceed the 3.4 wt. % [23] . Krennerite (Au,Ag)Te 2 was not detected in the ore assemblage. At the same time, maletoyvayamite intergrown with calaverite did not undergo dissolution (Figure 7c,d) . Calaverite was the Au-bearing mineral that oxidized due to reaction with infiltrating fluids containing Fe, Sb ± As, Se, S, Bi, along with the formation of secondary minerals (complex Au oxides, Fe antimonates, and stibiotellurates in the first stage and goethite/hydrogoetite in the final supergene stage).
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In addition Au-Te-Se-S system minerals and gold (primary and mustard), multicomponent grains were found that show the individual stages of the formation of mustard gold from calaverite (Figure 7) . These grains had a vermicular texture, where secondary Fe-Sb-Te oxides with worm-like shapes developed in a matrix of calaverite. The smallest particles of gold were deposited in the marginal zones of these oxides (Figure 7 , Table 6 ). All compositions of AuTe2 relate to calaverite, since the concentration of Ag in these minerals did not exceed the 3.4 wt. % [23] . Krennerite (Au,Ag)Te2 was not detected in the ore assemblage. At the same time, maletoyvayamite intergrown with calaverite did not undergo dissolution (Figure 7c,d) . Calaverite was the Au-bearing mineral that oxidized due to reaction with infiltrating fluids containing Fe, Sb ± As, Se, S, Bi, along with the formation of secondary minerals (complex Au oxides, Fe antimonates, and stibiotellurates in the first stage and goethite/hydrogoetite in the final supergene stage). Table 6 .
All analyses of mustard gold from the various samples (Figures 4 and 6-8 ) on the diagram O-Fe + Sb + As + Te + Se + S-Au (+Ag) were located along the line connecting the (Fe,Sb,As,Te,Se,S)O 3 and native gold, possibly showing the ratio of particles of fine gold and the matrix of Fe-Sb oxides (Trend I; Figure 9 ). The concentration of Fe varied greatly in these compounds and was not correlated with the sum of Sb, As, Te, Se, and S. This indicates that Fe,Sb ± As,Te,Se,S oxides (tripuhyite) were in turn also successively oxidized and contain hydroxides in the compound ( Figure 5 ). and native gold, possibly showing the ratio of particles of fine gold and the matrix of Fe-Sb oxides (Trend I; Figure 9 ). The concentration of Fe varied greatly in these compounds and was not correlated with the sum of Sb, As, Te, Se, and S. This indicates that Fe,Sb ± As,Te,Se,S oxides (tripuhyite) were in turn also successively oxidized and contain hydroxides in the compound ( Figure 5 ). Table 7 . The part of the analyses that correspond to homogeneous areas of mineral microaggregates (Figure 8 ) formed another compositional trend (Trend II), where the concentration of Au remained approximately constant, while the ratio of oxygen to the sum of Sb, As, Te, Se, and S (chalcogenides) varied within certain limits (Figure 9 ). The composition with the maximum amount of oxygen in this Table 7 . The part of the analyses that correspond to homogeneous areas of mineral microaggregates (Figure 8 ) formed another compositional trend (Trend II), where the concentration of Au remained approximately constant, while the ratio of oxygen to the sum of Sb, As, Te, Se, and S (chalcogenides) varied within certain limits (Figure 9 ). The composition with the maximum amount of oxygen in this The part of the analyses that correspond to homogeneous areas of mineral microaggregates (Figure 8 ) formed another compositional trend (Trend II), where the concentration of Au remained approximately constant, while the ratio of oxygen to the sum of Sb, As, Te, Se, and S (chalcogenides) varied within certain limits (Figure 9 ). The composition with the maximum amount of oxygen in this trend corresponded to the formulae Au(Te,Fe,Se,Sb,S,As)O 3 and Au(Fe,Sb)O 3 (Figure 9 ) with variable ratios of chalcogenides and Fe. These probably exist as chemical compounds rather than as mixtures of gold and Fe tellurate/antimonate. The existence of auroantimonate or Au-Sb-oxides in natural systems is highly questionable according to [24] . However, it is difficult to agree that the numerous compositions located along trend II were mixtures of gold and oxides, since the concentration of Au remained almost constant in different spots of the grains (Figure 9 ). The gray-zoned areas of these Au oxides (Figure 8a) were due to the different degrees of oxidation of tellurium, antimony, and other elements structurally related to Au. The Au, Sb-oxides, and auroantimonate were described by [25] [26] [27] also.
Discussion
Mustard gold is characteristic in gold-telluride deposits [9, 10] , antimony-gold deposits [11, 12, 24, 28] , and laterites [7, 8] . The stibian mustard gold from the Kriván Au deposit, which formed from Au 2 Sb is a composite material consisting of submicroporous sponge of gold with pores infilled by oxidation products of Sb and Fe [24] . In contrast, the Krásná Hora deposit (Czech Republic) a reverse reaction is observed in the formation of aurostibite to gold via dissolution-precipitation and solid-state diffusion processes at temperatures <200 • C [29] . In all cases the formation of mustard gold occurred due to the decomposition of tellurides, antimonides, sulphides, bismuthides of Au(Ag), and low-grade gold under oxidation conditions. Since the Gaching deposit is gold-telluride, the transformation mechanism of Au telluride (calaverite) is important to reconstruct. It is likely that there were two mechanisms for the replacement of primary Au tellurides with different oxidation intensities and different degrees of removal of Te: The appearance of secondary high-grade mustard gold and tellurites/tellurates in the Aginskoye deposit (Kamchatka) [4, 5] and placer region of Northeast Russia [8] are considered to be products of hypergene processes. Alternatively, mustard gold, Au antimonates/tellurates, and complex oxides of Au are products of hypogene processes [3, 24] that formed from hydrothermal low-temperature solutions at a high oxidative potential.
Moreover, the auroantimonate (AuSbO 3 ) that was found by Z. Johan and co-authors [27] in Au-Sb ores of the Krâsnâ Hora gold deposit and by G.N. Gamyanin and co-authors [25] in Eastern Yakutia was characterized in detail by I.Ya Nekrasov [3] , who obtained the compositions and X-ray images of this oxide. Our data confirmed the presence of Au oxides in the epithermal Gaching deposit, however, there are doubts regarding its existence [24] . It remains stable in hypogene conditions, but it is not stable in the hypergenesis zone, where it decomposes into sponge gold and antimony oxides, therefore, it is rarely found in nature [3] .
Experimental studies by [29, 30] have identified a diversity of reactionary textures and the transition mechanism of сalaverite (AuTe 2 ) into metallic gold. During the replacement of calaverite by gold, there is the coupled calaverite dissolution-gold (re)precipitation (ICDR) mechanism [29, 30] . This is a redox reaction controlled by the solution chemistry. The rate of replacement would be controlled by such major factors: The pH value, redox, and temperature. Natural mustard gold, which results from the weathering of Au-tellurides, may form via a similar dissolution-reprecipitation mechanism. It has been shown that the replacement of krennerite/calaverite by gold occurs only in hydrothermal solutions, whereas such reactions do not occur in anhydrous conditions [31] . These minerals follow a simple ICDR reaction path leading to pseudomorphic replacement by gold; and both minerals transform at similar rates. The presence of Ag in tellurides has an effect on the ICDR reaction path, since the solid-state reactions in the transformation of sylvanite (Au,Ag) 2 Te 4 is also involved. The porosity is textural evidence for a CDR reaction, which leads to the negative volume changes [32] . The reaction is sustained by continuous mass transport through open pathways allowing the influx of Fe,Sb,As,Se,Bi-solutes and the removal of oxidized Te from the reaction interface. Au(I) is controlled by the redox potential of the fluid at the reaction front. The decrease in oxygen activity favors the precipitation of gold since the oxygen is continuously removed as Te(IV) complexes by the oxidation of tellurium, and the soluble oxidation product leaves the reaction front by mass transport in the fluid, and precipitates far from the site of dissolution [31] . The dominant Te aqueous species is H 2 TeO 3 (aq), which occurs under acidic to slightly basic (pH 2-7) conditions [33] . In low-sulfidation environments, telluride and native tellurium deposition may result from condensation of H 2 Te(g) and Te 2 (g) into saline waters. A minor amount of tellurium will be deposited by cooling or fluid mixing [34] . Native tellurium and tellurium-selenium solid solutions precipitate out of the mustard gold grains as separate grains or in intergrowths with the maletoyvayamite [14, 19] .
Microaggregates of mustard gold can be large in size, but they are unstable in the hypergenic process due to the loose texture and therefore have weak placer-forming potential. The concentration of Au increased from large size fractions to small ones, and its greatest value was reached in the finest grain concentrates (Figure 10 ). This circumstance requires attention when developing technological schemes for exploiting such deposits and explains the discrepancy between high concentrations of Au in samples and the absence (or undetected) of its mineral forms. [31] . These minerals follow a simple ICDR reaction path leading to pseudomorphic replacement by gold; and both minerals transform at similar rates. The presence of Ag in tellurides has an effect on the ICDR reaction path, since the solid-state reactions in the transformation of sylvanite (Au,Ag)2Te4 is also involved. The porosity is textural evidence for a CDR reaction, which leads to the negative volume changes [32] . The reaction is sustained by continuous mass transport through open pathways allowing the influx of Fe,Sb,As,Se,Bi-solutes and the removal of oxidized Te from the reaction interface. Au(I) is controlled by the redox potential of the fluid at the reaction front. The decrease in oxygen activity favors the precipitation of gold since the oxygen is continuously removed as Te(IV) complexes by the oxidation of tellurium, and the soluble oxidation product leaves the reaction front by mass transport in the fluid, and precipitates far from the site of dissolution [31] . The dominant Te aqueous species is H2TeO3(aq), which occurs under acidic to slightly basic (pH 2-7) conditions [33] . In low-sulfidation environments, telluride and native tellurium deposition may result from condensation of H2Te(g) and Te2(g) into saline waters. A minor amount of tellurium will be deposited by cooling or fluid mixing [34] . Native tellurium and tellurium-selenium solid solutions precipitate out of the mustard gold grains as separate grains or in intergrowths with the maletoyvayamite [14, 19] .
Microaggregates of mustard gold can be large in size, but they are unstable in the hypergenic process due to the loose texture and therefore have weak placer-forming potential. The concentration of Au increased from large size fractions to small ones, and its greatest value was reached in the finest grain concentrates ( Figure 10 ). This circumstance requires attention when developing technological schemes for exploiting such deposits and explains the discrepancy between high concentrations of Au in samples and the absence (or undetected) of its mineral forms. Au(Ag) tellurides in gold deposits are considered refractory ores from a mineral processing perspective, as they are not efficiently leachable in cyanide solutions. Typically, tellurides are heated at temperatures ≥ 800 °C [35, 36] . Au tellurides under hydrothermal conditions can be transformed Au(Ag) tellurides in gold deposits are considered refractory ores from a mineral processing perspective, as they are not efficiently leachable in cyanide solutions. Typically, tellurides are heated at temperatures ≥ 800 • C [35,36]. Au tellurides under hydrothermal conditions can be transformed into gold relatively fast (within hours) under all conditions at~200 • C. This process can be used in preliminary ore processing before the addition cyanide instead of the toxic process of ore heating. This method has an advantage, as the dissolution of a gold telluride occurs over a wider range of solution conditions than Au-Ag alloys [31] . Porous gold obtained by the replacement of Au tellurides can present significant technological potential due to its low density, high strength and large surface area [33] .
Conclusions
Gold in the epithermal Au-Ag Gaching deposit is present as primary gold (fineness 964% -978% ) occurring as intergrowths with a numerous minerals (maletoyvayamite Au 3 Te 6 Se 4 and other rare unnamed phases of Au-Te-Se-S system), and as secondary porous mustard gold of fineness 1000% .
There are two types of mustard gold:
(a) Mustard gold with inclusions of the oxides of Sb, Te(Se,S), and Fe (Fe-antimonate/tellurate) infilling the pores of spongy gold-the early (hypogene) transformation stage of calaverite due to the impact of Fe, Sb, Te, As, Se, and S-containing hydrothermal solutions and high oxidation potential. (b) Spotted and colloform gold consisting of aggregates of small particles of gold in a goethite/hydrogoethite matrix-the late (possibly hypergene) transformation stage associated with the maximum degree of ore oxidation.
Among the numerous compounds of Au, only calaverite was oxidized and transformed into mustard gold. The other minerals (Au sulfoselenotelluride-maletiyvayamite) remained unchanged. This process is associated with hypogene conditions and proceeds in two directions: (a) Formation of a mixture of Fe-Sb oxides (tripuhyite) and gold particles, and (b) formation of Au-Sb(Te,Se,S,As) oxides by calaverite.
Mustard gold has a weak placer-forming potential in hypergene conditions because it disintegrates easily into dust particles that enrich the fine fractions of oxidized ores.
